Members of the NK homeobox family have been widely conserved during evolution. Here we describe the sequence and expression of a novel Drosophila NK-2 homeobox gene, named scarecrow (scro), which shows considerable homology to vertebrate Nkx-2.1. During embryogenesis, scro expression is initially observed in the pharyngeal primordia and later maintained in the pharynx. During band germ retraction, scro expression appears in two bilateral clusters of procephalic neuroblasts that give rise to distinct neuronal clusters in the brain. In addition, scro expression is observed in segmental clusters of neuronal precursors in the ventral nerve cord. In larval stages, scro expression occurs in portions of the optic lobe regions. These observations indicate that scro and vertebrate Nkx2.1 share similarities both in terms of their sequence and their expression patterns. q
Results and discussion
Homeobox genes have been widely conserved during evolution not only with respect to the sequence of their encoded homeodomains, but frequently also in terms of their biological functions (for review see Scott et al., 1989; Scott, 2000) . Among the large family of homeodomain proteins a particular branch encompasses the NK family, which was ®rst described in Drosophila (Kim and Nirenberg, 1989) . Members of the NK-2 subclass of homeodomains are characterized by two additional shared domains of homology in their N-and C-terminal portions (for review see Harvey, 1996) . In Drosophila, three NK homeobox genes have been identi®ed, tinman (tin; NK-4), bagpipe (bap; NK-3) and ventral nervous system defective (vnd; NK-2), which play major roles in regulating early embryonic development of mesodermal and neuronal tissues (Azpiazu and Frasch 1993; Bodmer, 1993; Skeath et al., 1994; Jimenez et al., 1995) . Here we describe the structure and expression of a fourth member of Drosophila NK homeobox genes.
Using the homeodomain of Tinman in a BLAST search against the Berkeley Drosophila Genome Project (BDGP) database, we identi®ed an EST sequence (GH09166, sequence accession number: AI109808; Harvey et al., 1997) with high homology to members of the NK-2 homeobox gene family. This partial cDNA, which was fused 3 H with an unrelated sequence, was used to isolate longer cDNAs. Sequence analysis of one such cDNA clone revealed a coding region of 1145 nucleotides (370 amino acids; see GenBank accession no. AF220096). In addition, we identi®ed two non-overlapping genomic clones among the recently released genomic sequences in GenBank, each containing a part of this NK homeobox gene (sequence accession nos. AC019538 and AC019501; Adams et al., 2000) . The genomic sequence extends the ORF further upstream, with one in frame ATG at 2147 and the other at 2262 with respect to our cDNA sequence. Neither of these two ATGs is embedded within a good match to the consensus sequence of Drosophila translational initiation sites (Cavener, 1987) . However, a good match to this consensus is found at position 132, thus allowing for the possibility that translation starts mainly with CTG/Leu at this position (Fig. 1A) . The genomic sequence information also allowed us to determine the exon/intron structure and shows that the transcription unit is divided into 6 exons extending over a large region of at least 30 kb (Fig. 1B) . Because of its sequence similarity with the tin gene and its expression in the brain (see below), we named this gene scarecrow (scro).
A database search with the conceptual protein sequence deduced from scro revealed high sequence similarities to the chicken and mouse Nkx-2.1 proteins (also called Thyroid Transcription Factor 1 [TTF-1] or T/EBP) (Guazzi et al., 1990; Perra and Kessel, 1998) . While there is only~38% overall identity (~50% similarity) between the three proteins, the similarity reaches 98% within the homeodomains and similarly high levels within the two domains characterizing the NK-2 class, the TN domain (~90% identities) and NK2-similarity domain (~77% identities) (Fig.  1A) . Furthermore, alignments with the closest Drosophila NK-2 protein, Ventral nervous system defective (Vnd), which was previously thought to be ancestral to both Nkx-2.1 and Nkx-2.2, indicates strongly that Scarecrow is the Drosophila homolog of Nkx-2.1 (Fig. 1A) . The homeodomains of Scro and Tin share 60% sequence identity.
In situ hybridization analysis shows that scro expression initiates in an anterior-dorsal patch of cells of stage 9 embryos ( Fig. 2A) . Following stage 9, scro continues to be expressed at the anterior end of the embryo in cells corresponding to presumptive pharyngeal tissues (Fig. 2B,C; Campos-Ortega and Hartenstein, 1997) . Strong expression in the pharynx perdures until late stage of embryogenesis (Fig. 2G) . During stage 11, scro mRNA appears in bilaterally symmetric clusters in neurogenic regions of the embryonic head (Fig. 2B) . During stage 12, expression in this area resolves into one larger posteriorly located cluster and several smaller, more anteriorly positioned clusters of neuronal progenitors on either side of the embryonic brain (Fig. 2D±G) . During late stage 12, scro expression becomes detectable in stereotypically arranged cell clusters of the ventral nerve cord (Fig. 2G,H) . Finally, in the larva, scro is expressed in two concentric areas within the outer anlagen of the optic lobes, which give rise to parts of the lamina and medulla (Fig. 2I,J ; Meinertzhagen and Hanson, 1993) .
Since the above observations indicated that the expression of scro occurs in distinct groups of neuroblasts and ganglion mother cells, we determined the locations of neuronal scro expression more accurately by comparing it with speci®c neuronal markers. Double stainings with mAb 1D4, which recognizes Fasciclin II (Fas II) and marks the optic lobe placodes, and for scro mRNA showed that in early stage 12 embryos, the large procephalic cell clusters of scro expression are abutting the crescents of Fas II staining in the optic lobe primordia ( Fig. 3A ; Grenningloh et al., 1991; Holmes and Heilig, 1999) . These data indicate that scro expression at this site occurs within the posterior protocerebral region of the developing brain (Younossi-Harten- , 1996) . Correspondingly, in stage 14 embryos, scro expression is observed just above the optic lobe regions marked by Fas II (Fig. 3B ; Meinertzhagen and Hanson, 1993) . In order to localize the subsets of neuroblasts expressing scro in the ventral nerve cord, we used Fas II as a marker of CNS axons, as well as two stereotypic neuronal markers, Even-skipped (Eve) and Engrailed (En) (Frasch et al., 1987; Patel et al., 1989; Goodman and Doe, 1993) . MAb1D4 (Fas II) staining shows that scro is expressed in two to four neurons per hemisegment, which are arranged in a linear fashion and laterally to the posterior commissures (Fig. 3C ). Double labeling with neuron-speci®c markers shows that scro is detected in a non-overlapping pattern immediately anterior to En-positive neuronal clusters and laterally to the Eve-positive CQ neurons ( Fig. 3D,E ; Goodman and Doe, 1993) . Based upon this analysis, scro expressing neurons may be derived from lateral cells of neuroblast row 5 (Broadus et al., 1995) .
Like the Nkx-2.1 homolog scro, the Nkx2.2 homolog vnd is also expressed in a subset of neuronal precursors in the ventral nerve cord, although vnd expression initiates much earlier and is observed in a different subset of neurons (Jimenez et al., 1995) . Likewise, the expression of scro in pharyngeal primordia is very similar to the expression of tin in the same areas, although tin expression is more transient (Azpiazu and Frasch, 1993; Bodmer, 1993; Yin et al., 1997) . Furthermore, the expression and function of the mouse homolog of scro, Nkx-2.1/TTF-1, in the telencephalon and tracheoesophageal tissues (Lazzaro et al., 1991; Price et al., 1992; Minoo et al., 1999; Sussel et al., 1999 ) is very reminiscent of the expression of scro in the developing brain and pharynx of¯y embryos.
Methods

Molecular characterization of the scarecrow gene
The 5 H portion of the EST clone, GH09166 (see BDGP database; www.fruit¯y.org/est), was used to screen a 8±12 h embryonic cDNA plasmid library (Brown and Kafatos, 1988 ) and a Drosophila P1 phage clones ®lter (Genome Systems, St. Louis, MO), using standard molecular biology methods (Sambrook et al., 1989) . The largest cDNA clone (1.4-kb) was sequenced on both strands using the Utah Biotechnology Center sequence facility (Salt Lake City, UT). The genomic screen identi®ed one yet unmapped phage P1 clone, DS06061 (see BDGP database; www.fruity.org/). Sequence comparisons with the cDNA sequence identi®ed two additional genomic sequences published in GenBank (Adams et al., 2000) . Sequence compilation and conceptual translation was done with the MacVector 6.0.1 software package and database searches with the BLAST program (Altschul et al., 1990) . 
In situ hybridization of whole-mount embryo and imaginal disc
Alkaline phosphatase and¯uorescent in situ hybridizations were performed as described in Zaffran and Frasch (2000) . The antibodies used in the double staining experiments have been described previously: Rabbit anti-Eve antibody (1:3000; Frasch et al., 1987) , mouse anti-Fasciclin II antibody (1:5; mAb 1D4; Grenningloh et al., 1991) , mouse anti-En antibody (1:5; Patel et al., 1989) . A Zeiss Axiophot and a Leica confocal microscope were used to analyze the stainings.
Note added in proof
Recently released sequence data of genomic scaffold sequence of D. melanogaster (Genbank accession number AE003199, Adams et al., 2000) , indicates that the size of the third intron (Fig. 1B) is 5.5 kb and the chromosomal location is 99F.
